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Abstract 

Ti45Zr35Nii7Cu3  amorphous  and  single  icosahedral  quasicrystalline  powders  were  synthesized  by  mechanical  alloying  and  subsequent  annealing 
at  855  K.  Microstructure  and  electrochemical  properties  of  two  alloy  electrodes  were  characterized.  When  the  temperature  was  enhanced  from  303 
to  343 K.  the  maximum  discharge  capacities  increased  from  86  to  329mAhg~1  and  76  to  312mAhg-1  for  the  amorphous  and  quasicrystalline 
alloy  electrodes,  respectively.  Discharge  capacities  of  two  electrodes  decrease  distinctly  with  increasing  cycle  number.  The  I-phase  is  stable  during 
charge/discharge  cycles,  and  the  main  factors  for  its  discharge  capacity  loss  are  the  increase  of  the  charge-transfer  resistance  and  the  pulverization 
of  alloy  particles.  Besides  the  factors  mentioned  above,  the  formation  of  TiHj  and  ZrHo  hydrides  is  another  primary  reason  for  the  discharge 
capacity  loss  of  the  amorphous  alloy  electrode. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Hydrogen  storage  alloys  have  attracted  much  attention 
because  they  have  wide  applications,  such  as  heat  pump,  sec¬ 
ondary  battery,  isotopic  separation,  etc.  [1],  Icosahedral  qua¬ 
sicrystalline  phase  (I-phase)  exhibits  excellent  hydrogen  stor¬ 
age  property  because  of  the  special  crystal  structure.  Zn-based 
[2],  Ti-based  [3,4]  and  Zr-based  [5,6]  I-phase  alloys  have  been 
widely  investigated  for  their  potential  use. 

Ti-based  I-phase  alloy  becomes  one  of  the  most  promising 
hydrogen  storage  materials  due  to  thermodynamical  stability, 
low  cost  and  high  hydrogen  capacity.  Stroud  et  al.  [7]  have  firstly 
reported  the  hydrogen  storage  properties  of  Ti-Zr-Ni  I-phase 
in  1996.  The  desorption  of  hydrogen  from  a  TL^Z^sNin-H 
quasicrystal  was  observed  by  high-temperature  X-ray  powder 
diffraction,  demonstrating  a  potential  utility  of  Ti-based  I-phase 
alloy.  TiqsZrsgNin  I-phase  absorbed  large  amounts  of  hydrogen 
up  to  two  hydrogen  atoms  per  metal  atom.  Its  loading  capac¬ 
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ity  was  higher  than  that  of  LaNij  and  TiFe  compounds,  but 
the  equilibrium  plateau  pressures  were  too  low  for  gas  storage 
applications  [8].  In  order  to  improve  the  ability  of  the  hydrogen 
storage,  Takasaki  et  al.  [9]  have  prepared  the  quasicrystalline 
Ti45Zr3gNin  powder  by  mechanical  alloying  and  subsequent 
annealing.  The  maximum  absorbing  capacity  with  an  atom  ratio 
of  hydrogen  to  metal  ([H]/[M])  is  1.5,  which  may  be  due  to  a 
small  amount  of  the  TLNi-type  crystal  phase  in  I-phase  alloy. 
During  hydrogen  cycling  (repeated  absorption-desorption  of 
hydrogen),  the  TLsZrggNin  I-phase  was  not  stable.  Majzoub 
et  al.  [  10]  have  reported  the  hydrogen  to  metal  atom  ratio  of  1.9 
was  obtained  without  crystal  hydride  formation  when  electro¬ 
chemical  method  was  used  to  hydrogenate  TL^Z^gNin  I-phase 
alloy.  However,  to  date,  only  a  few  investigations  have  dealt  with 
the  electrochemical  characteristics  of  I-phase  alloy  as  negative 
material  of  nickel-metal  hydride  (Ni-MH)  battery. 

The  formation  of  Ti-Zr-Ni-Cu  amorphous  and  I-phase  alloys 
has  been  reported  in  our  previous  work.  We  have  examined  the 
composition  dependence  of  the  structure  as  well  as  I-phase  form¬ 
ing  ability  [11-13],  An  improvement  in  the  forming  abilities 
of  amorphous  and  I-phase  has  been  obtained  by  adding  Cu. 
In  this  study,  TL^Z^NinCus  amorphous  and  single  I-phase 
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powders  were  synthesized  by  mechanical  alloying  and  subse¬ 
quent  annealing  at  855  K.  Discharge  capacities,  cycle  stabilities 
and  the  mechanism  of  the  discharge  capacity  loss  for  two  alloys 
were  investigated  in  detail. 

2.  Experimental  procedures 

Elemental  powders  of  Ti  (100  mesh,  99.9%),  Zr  (100  mesh, 
99.9%),  Ni  (150  mesh,  99.9%)  and  Cu  (250  mesh,  99.99%)  were 
used  as  starting  materials  in  this  study.  A  powder  mixture  with  a 
desired  composition  of  TLisZ^sNinCua  was  poured  into  the 
milling  container.  Mechanical  alloying  was  carried  out  in  a 
vibratory  ball  miller  under  the  vibration  frequency  of  25  Hz 
and  amplitude  of  2.5  mm  for  280  h  in  an  argon  atmosphere.  The 
alloyed  powders  were  sealed  under  dynamic  vacuum  (<10~ 1  Pa) 
in  a  fused  silica  tube,  and  then  annealed  at  855  K  for  30  min. 

The  pressure-composition  isotherms  (PCT)  curves  of  the 
mechanical  alloyed  and  annealed  powders  were  measured  by 
a  Gas  Reaction  Controller  at  523  K,  and  the  charge/discharge 
properties  were  investigated  by  using  an  electrochemical 
charge/discharge  method.  Test  electrodes  were  fabricated  by 
compressing  a  mixture  of  0.15  g  alloy  (200-400  mesh)  and 
0.75  g  nickel  carbonyl  powder  into  a  pellet  of  10  mm  in  diam¬ 
eter  under  a  pressure  of  15  MPa.  In  order  to  perform  XRD 
analysis  of  the  MH  powders  after  cycling,  working  electrodes 
composed  of  0.5  g  alloy  powder  with  0.1  g  carbon  and  graphite. 
After  different  cycles,  the  pellet  was  crushed  in  air  and  rinsed 
with  water.  Electrochemical  measurements  were  performed 
in  a  standard  open  three-electrode  cell  that  consisted  of  a 
working  electrode  (metal  hydride  electrode),  a  counter  elec¬ 
trode  (Ni(OH)2/NiOOH  electrode),  and  a  reference  electrode 
(Hg/HgO  electrode).  The  electrolyte  in  the  cell  was  a  6  M  KOH 
aqueous  solution.  Charge/discharge  tests  were  carried  out  on 
an  automatic  galvanostatic  system  (DC-5).  Each  electrode  was 
charged  for  10  h  at  60  mA  g~ 1  and  discharged  to  —0.6  V  versus 
Hg/HgO  at  30mAg_1  at  different  temperatures  (303-343  K). 
After  every  charging,  the  circuit  was  opened  for  5  min. 

The  phases  of  the  alloy  powders  were  determined  by 
X-ray  diffraction  (XRD)  using  a  Rigaku  D/max  2500PC 
powder  diffractometer  with  Cu  Ka  radiation,  and  the  sur¬ 
face  morphology  was  examined  by  using  scanning  electron 
microscopy  (SEM)  JSM-5600.  The  electrochemical  impedance 
spectroscopy  (EIS)  analysis  was  executed  on  a  Solartron 
1287  Potentiostat/Galvanostat  and  a  Solartron  1255  frequency 
response  analyzer  with  Z-POLT  software.  The  electrodes  were 
all  tested  at  the  steady  state  10%  depth  of  discharge  (DOD)  after 
different  cycles  at  323  K,  and  the  frequency  range  was  from 
0.1  Hz  to  1  MHz. 

3.  Results  and  discussion 

3.1.  Structure  characteristics 

Fig.  1  shows  XRD  patterns  of  mechanical  alloyed  (MAed) 
and  annealed  TL^ZrasNinCua  powders.  The  MAed  powders 
showed  no  sharp  peak  in  its  diffraction  pattern  and  exhibited  a 
broad  diffuse  peak  at  around  30-45°,  which  indicates  that  the 


Fig.  1.  XRD  patterns  of  MAed  and  annealed  Ti45Zr35NinCu3  powders. 


specimen  is  an  amorphous  alloy.  The  powders  annealed  at  855  K 
for  30  min  showed  a  single  I-phase.  The  prominent  I-phase  is 
indexed  following  the  scheme  originally  proposed  by  literature 
[  14],  Takasaki  et  al.  [9]  have  reported  that  the  TL^ZrasNin  pow¬ 
ders  obtained  by  mechanical  alloying  and  subsequent  annealing 
contained  I-phase  and  a  small  amount  of  THNi-type  crystal 
phase.  This  result  indicates  that  the  forming  ability  of  the  I- 
phase  has  been  improved  by  adding  Cu. 

3.2.  Maximum  discharge  capacity  at  different  temperatures 

Maximum  discharge  capacities  ( Cmax )  of  the  TLt5Zr35- 
Ni  17C113  amorphous  and  I-phase  alloy  electrodes  at  different 
temperatures  (303,  313,  323,  333  and  343  K)  are  depicted  in 
Fig.  2.  It  can  be  seen  that  the  Cmax  of  the  amorphous  and  I- 
phase  alloy  electrodes  increase  with  increasing  temperature,  and 
the  Cmax  values  are  86  and  76  mAh  g-1  at  303  K,  and  329  and 
3 12  mAh  g“ 1  at  343  K,  respectively. 

In  most  transition  metal  alloys,  the  hydrogen  prefers  the  tetra¬ 
hedral  coordinated  sites.  The  most  I-phase  showing  the  rotation 


Fig.  2.  The  Cmax  of  amorphous  and  I-phase  Ti45Zr35Nii7Cu3  alloy  electrodes 
at  different  temperatures. 
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symmetry  of  the  icosahedral  point  group  is  likely  dominated  by 
local  tetrahedral  order.  The  amorphous  alloy  has  similar  local 
atomic  structure  to  the  I-phase  alloy  [15].  The  dominance  of 
polytetrahedral  order  is  the  origin  for  absorbing  a  large  amount 
of  hydrogen  for  the  amorphous  and  I-phase  alloy.  The  theo¬ 
retical  capacity  of  the  Ti-Zr-Ni  I-phase  is  795  mAh g-1  [10]. 
However,  the  Cmax  values  of  TL^Z^Ni  17C113  amorphous  and 
I-phase  alloy  electrodes  are  only  86  and  76mAhg_1  at  303  K. 
Besides  the  high  hydrogen  storage  ability,  the  Cmax  values  are 
related  to  the  stability  of  hydride  and  electrochemical  kinet¬ 
ics.  Ti  and  Zr  have  significant  negative  enthalpy  changes  during 
hydrogenation  and  have  a  strong  affinity  with  hydrogen  [16].  The 
hydrides  of  amorphous  and  I-phase  Ti45Zr35NinCu3  alloys  are 
difficult  to  dissociate  at  303  K  due  to  the  high  proportion  of  Ti 
and  Zr.  The  equilibrium  pressure  of  hydrogen  increases  with  the 
increase  of  temperature,  as  a  result,  the  stability  of  the  hydride 
decreased,  the  hydrogen  stored  in  the  alloy  easily  desorbs  from 
the  alloy,  and  so  the  discharge  capacities  of  two  alloys  increase 
with  the  increase  of  temperature.  Meanwhile,  the  electrochemi¬ 
cal  reaction  is  controlled  by  the  charge-transfer  process  on  alloy 
surface  and  the  mass  transfer  process  in  the  bulk  alloy  [17].  The 
charge-transfer  resistance  decreases  and  the  hydrogen  diffusion 
coefficient  increase  with  increasing  temperature,  which  benefits 
to  the  increase  of  the  discharge  capacity.  The  Cmax  values  of 
amorphous  and  I-phase  alloys  are  329  and  3 12  mAh  g~ 1 .  How¬ 
ever,  the  Cmax  values  are  still  much  lower  than  the  theoretical 
capacity,  which  may  be  ascribed  to  considerable  stability  of  the 
hydride. 

The  discharge  capacity  of  Ti45Zr35NinCu3  amorphous  alloy 
electrode  is  higher  than  that  of  I-phase  alloy  electrode  at  differ¬ 
ent  temperatures,  which  results  primarily  from  two  factors:  large 
amounts  of  special  defects  in  the  amorphous  alloy  obtained  by 
mechanical  alloying  benefit  to  the  diffusion  of  hydrogen  in  the 
alloy  and  improve  the  discharge  property.  In  addition,  accord¬ 
ing  to  the  adsorption  PCT  curves  at  523  K  shown  in  Fig.  3,  the 
plateau  pressure  for  I-phase  alloy  is  obviously  lower  than  that 
for  amorphous  alloy.  This  indicates  that  the  stability  of  I-phase 
alloy  hydride  is  higher  than  that  of  the  amorphous  alloy  hydride. 
Takasaki  and  Kelton  [18]  have  investigated  the  site  energy  for 


Cycle  number  (n) 

Fig.  4.  The  discharge  capacity  vs.  cycle  number  for  amorphous  and  I-phase 
Ti45Zr35NinCu3  alloy  electrodes  at  323  K. 

hydrogen  in  the  TC^ZnxNi  17  amorphous  and  I-phase  alloy  with 
PCT  curves,  and  pointed  out  the  site  energy  for  hydrogen  in 
the  I-phase  alloy  is  lower  than  that  in  the  amorphous  alloy. 
Thus,  it  is  reasonable  to  consider  that  hydrogen  atoms  in  the 
Ti45Zr35NinCu3  I-phase  alloy  are  more  strongly  bound  than 
those  in  the  amorphous  alloy.  The  stronger  bound  of  hydrogen 
in  the  I-phase  alloy  does  not  benefit  to  hydrogen  desorption. 

3.3.  Cycle  stability 

Fig.  4  shows  the  discharge  capacity  versus  cycle  number 
for  amorphous  and  I-phase  Tu^Zr^Ni  17CU3  alloy  at  323  K. 
For  two  alloy  electrodes,  no  activation  period  is  observed  dur¬ 
ing  cycle.  Cmax  values  are  obtained  at  first  electrochemical 
charge/discharge  cycle,  which  indicates  that  two  electrodes  pos¬ 
sess  good  activation  at  323  K.  The  discharge  capacity  decreases 
distinctly  with  the  increase  of  cycle  number.  The  discharge 
capacities  of  amorphous  and  I-phase  alloy  electrodes  are  57 
and  84  mAh  g^1  at  10th  cycle,  respectively,  which  have  the 
maximum  Cmax  value  (1st  cycle)  of  26.1  and  44.2%,  and  the 
decreasing  amount  of  discharge  capacity  of  the  I-phase  alloy 
electrode  is  smaller  than  that  of  the  amorphous  alloy  electrode. 

3.4.  Mechanism  of  the  discharge  capacity  loss  of  I-phase 
alloy  electrode 

Fig.  5  shows  XRD  patterns  of  Tk^Z^NinC^  I-phase  alloy 
electrode  after  different  cycles.  It  can  be  seen  that  I-phase  is  still 
retained  after  different  charge/discharge  cycles,  which  indicates 
that  I-phase  is  stable  and  the  similar  hydride  is  formed  during  the 
charge/discharge  cycles.  Compared  with  the  peaks  correspond¬ 
ing  to  I-phase  before  cycle,  the  peaks  shift  to  smaller  angle  after 
one  cycle,  resulting  from  an  expansion  of  the  lattice.  This  indi¬ 
cates  that  the  alloy  hydride  remains,  and  does  not  release  all  the 
hydrogen  absorbed  at  the  first  charging  process.  Meanwhile,  the 
intensity  of  diffraction  peaks  decrease  and  the  diffraction  peaks 
broaden  with  the  increase  of  cycle  number,  which  may  be  due 
to  strain  in  the  lattice  and  refinement  of  crystal  grains  caused 
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Fig.  5.  XRD  patterns  of  I-phase  TLtfZrssNinCus  alloy  electrode  after  different 
cycles. 


cycles. 


by  charge/discharge  cycle.  After  1  cycle,  some  oxide  films  may 
have  formed  on  the  alloy  surface.  However,  the  peaks  corre¬ 
sponding  to  the  oxide  cannot  be  found,  which  results  from  that 
the  amount  of  oxide  is  too  small  to  be  detected  by  XRD. 

Fig.  6  shows  electrochemical  impedance  spectra  of 
Ti45Zr35NinCu3  I-phase  alloy  electrode  at  the  10%  DOD  after 
different  cycles.  It  can  be  seen  that  each  spectrum  consists  of  two 
semicircles  and  a  straight  line.  According  to  the  analysis  of  lit¬ 
erature  [19],  the  larger  semicircle  in  the  lower  frequency  region 
is  ascribed  to  the  charge-transfer  resistance  of  the  alloy  sur¬ 
face,  and  the  radius  of  the  semicircle  increases  with  the  increase 
of  cycle  number,  indicating  that  the  charge-transfer  resistance 
increases  with  the  increase  of  cycle  number.  This  is  caused  by 
the  surface  degradation,  and  during  charge/discharge  cycles,  the 
alloy  are  gradually  oxidized  due  to  the  contact  with  the  alkaline 
electrolyte,  and  an  oxide  film  is  formed  and  grows  in  thickness, 
which  decreased  the  electro-catalytic  activity  on  the  alloy  sur¬ 
face  [20]. 
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Fig.  6.  Electrochemical  impedance  spectra  of  I-phase  Ti45Zr35NinCu3  alloy 
electrode  at  10%  DOD. 
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Fig.  7  shows  charging  curves  of  Ti^Zr^Ni  17CU3  I-phase 
alloy  electrode  at  different  cycles.  Comparing  the  charging 
curves  between  the  first  and  second  cycles,  a  poor  acceptance 
capacity  is  observed  at  the  second  cycle.  This  indicates  that  the 
hydride  remains  quite  stable  and  does  only  release  a  part  of 
the  hydrogen  absorbed  at  the  first  charging  process,  which  is 
in  agreement  with  the  results  of  XRD.  The  potential  of  charg¬ 
ing  plateau  increased  and  the  charge  efficiency  of  electrode 
decreases  with  the  increase  of  cycle  number,  which  may  be 
resulted  from  the  increase  of  the  charge-transfer  resistance  on 
the  alloy  surface. 

Fig.  8  shows  SEM  images  of  Tk^Z^NinQ^  I-phase  alloy 
after  different  cycles.  It  can  be  seen  the  alloy  particles  are  pulver¬ 
ized  and  particle  size  becomes  smaller  with  the  increase  of  cycle 
number.  The  particle  size  decreases  from  approximate  50  |xm 
before  cycle  to  approximate  5  |xm  after  10  cycles.  The  pulver¬ 
ization  of  alloy  particles  is  due  to  the  cell  volume  expansion  and 
contraction  during  charging/discharging  cycle. 

I-phase  is  stable  during  charge/discharge  cycle,  and  the  dis¬ 
charge  capacity  degradation  of  the  electrode  results  primarily 
from  two  following  factors:  the  surface  oxide  is  formed  easily 
during  charge/discharge  cycles  in  the  Ti-based  alloy  electrode 
[21].  At  the  initial  charge/discharge  stage,  the  film  is  thin,  and 
then  becomes  thick  with  increasing  cycle  number,  which  leads 
to  the  increase  of  the  charge-transfer  resistance  during  the  elec¬ 
trochemical  hydrogenation  reaction.  This  degrades  the  charge 
efficiency  of  the  electrode,  which  can  be  confirmed  by  the  results 
shown  in  Fig.  7.  Meanwhile,  a  large  charge-transfer  resistance 
in  the  electrode  also  results  in  a  higher  anodic  potential,  which 
causes  the  electrode  potential  to  drop  rapidly  to  the  cut-off  poten¬ 
tial  and  leads  to  the  decrease  of  the  discharge  efficiency  [22], 
suggesting  the  oxide  film  leads  to  the  loss  of  discharge  capacity. 
The  lattice  expansion  of  Ti-Zr-Ni  quasicrystal  is  anisotropic 
with  hydrogenation,  which  is  due  to  the  tendency  of  the  H  to 
site  near  the  Ti  and  Zr  atoms  [23].  The  recovery  of  lattice  is 
difficult  during  hydrogen  desorption.  This  expansion  and  con¬ 
traction  during  charge/discharge  cycle  result  in  the  pulverization 
of  particles  and  produce  fresh  surface,  which  is  confirmed  by  the 
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Fig.  8.  SEM  images  of  I-phase  TUsZrssNinCus  alloy  electrode  after  different  cycles.  Before  cycle,  (b),  (c)  and  (d)  are  1,  5  and  10  cycles,  respectively. 


results  shown  in  Fig.  8.  As  a  result,  more  fresh  surface  is  exposed 
directly  to  the  alkaline  electrolyte,  and  then  the  active  compo¬ 
nents  of  alloy  are  oxidized,  which  leads  to  the  decrease  of  the 
discharge  capacity. 

3.5.  Mechanism  of  the  discharge  capacity  loss  of 
amorphous  alloy  electrode 

Fig.  9  shows  XRD  patterns  of  Ti^Zr^Ni  17C113  amorphous 
alloy  electrode  after  different  cycles.  It  can  be  observed  that 


Fig.  9.  XRD  patterns  of  amorphous  Ti45Zr35NinCu3  alloy  electrode  after  dif¬ 
ferent  cycles. 


T1H2  and  ZrH2  hydrides  are  formed  after  first  electrochemical 
cycle,  which  is  ascribed  to  the  decomposition  of  partial  amor¬ 
phous  phase  during  first  charge/discharge  process.  This  indicates 
that  amorphous  phase  is  not  stable  on  electrochemical  cycling. 
The  hydride  for  amorphous  electrode  is  different  from  that  for 
I-phase  electrode,  which  is  attributed  to  the  different  structure 
between  amorphous  phase  and  I-phase.  Moreover,  the  intensi¬ 
ties  of  the  peaks  corresponding  to  the  hydrides  are  gradually 
strengthened  with  increasing  cycle  number.  This  indicates  the 
amount  of  the  hydrides  increase.  That  is  to  say,  the  amount  of 
the  amorphous  phase  in  the  alloy  electrode  decreases  with  the 
increase  of  the  cycle  number,  which  will  lead  to  the  decrease  of 
the  discharge  capacity.  Meanwhile,  the  increase  of  the  charge- 
transfer  resistance  and  the  pulverization  of  alloy  particle  are 
observed  for  the  amorphous  alloy  electrode.  Thus,  the  loss  of  dis¬ 
charge  capacity  results  from  three  factors:  the  formation  of  stable 
TiFb  and  ZrH2  hydrides,  the  increase  of  the  charge-transfer 
resistance  and  the  pulverization  of  alloy  particles. 

4.  Conclusions 

Ti45Zr35NinCu3  amorphous  and  single  I-phase  powders 
were  synthesized  by  mechanical  alloying  and  subsequent 
annealing  at  855  K,  respectively.  At  303  K,  the  Cmax  values  of 
amorphous  and  I-phase  alloy  electrode  are  86  and  76mAhg_1, 
respectively,  and  the  Cmax  values  increase  with  increasing  tem¬ 
perature,  at  343  K,  the  Cmax  values  are  329  and  312mAhg_1, 
respectively.  In  the  case  of  the  I-phase  alloy  electrode,  I-phase 
is  stable  during  the  charge/discharge  cycle.  The  reasons  of 
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discharge  capacity  loss  are  the  increase  of  the  charge-transfer 
resistance  for  the  formation  of  surface  oxide  film  and  the  pul¬ 
verization  of  alloy  particles.  The  amorphous  phase  is  not  stable, 
the  TiH2  and  ZrFL  hydrides  are  formed  during  charge/discharge 
cycle,  and  the  amount  of  hydride  increases  with  increasing  cycle 
number.  The  formation  of  the  stable  hydride,  the  increase  of  the 
charge-transfer  resistance  and  the  pulverization  of  alloy  parti¬ 
cles  should  be  considered  for  the  discharge  capacity  loss  of  the 
amorphous  phase. 
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